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26Università di Ferrara, Dipartimento di Fisica and INFN, I-44100 Ferrara, Italy
27Laboratori Nazionali di Frascati dell’INFN, I-00044 Frascati, Italy
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51Università di Napoli Federico II, Dipartimento di Scienze Fisiche and INFN, I-80126, Napoli, Italy
52NIKHEF, National Institute for Nuclear Physics and High Energy Physics, NL-1009 DB Amsterdam, The Netherlands
53University of Notre Dame, Notre Dame, Indiana 46556, USA
54Ohio State University, Columbus, Ohio 43210, USA
55University of Oregon, Eugene, Oregon 97403, USA
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We present a study of the decay B ! D0ðCPÞK and its charge conjugate, where D0ðCPÞ is reconstructed
in both a non-CP flavor eigenstate and in CP (CP-even and CP-odd) eigenstates, based on a sample of
382 million ð4SÞ ! B B decays collected with the BABAR detector at the PEP-II eþe storage ring. We
measure the direct CP asymmetries ACP and the ratios of the branching fractions RCP: ACPþ ¼
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0:27 0:09ðstatÞ  0:04ðsystÞ, ACP ¼ 0:09 0:09ðstatÞ  0:02ðsystÞ, RCPþ ¼ 1:06 0:10ðstatÞ 
0:05ðsystÞ, RCP ¼ 1:03 0:10ðstatÞ  0:05ðsystÞ. We also express the results in terms of the so-called
Cartesian coordinates xþ, x, and r2: xþ ¼ 0:09 0:05ðstatÞ  0:02ðsystÞ, x ¼ 0:10 0:05ðstatÞ 
0:03ðsystÞ, r2 ¼ 0:05 0:07ðstatÞ  0:03ðsystÞ. These results will help to better constrain the phase
parameter  ¼ argðVudVub=VcdVcbÞ of the Cabibbo-Kobayashi-Maskawa quark mixing matrix.
DOI: 10.1103/PhysRevD.77.111102 PACS numbers: 11.30.Er, 13.25.Hw, 14.40.Nd
The angle  ¼ argðVudVub=VcdVcbÞ is one of the least
precisely known parameters of the corresponding unitarity
triangle of the Cabibbo-Kobayashi-Maskawa matrix [1].
There are many proposals on how to measure  involving
charged B decays. The B ! DðÞ0KðÞ decay mode [2],
which exploits the interference between b ! c us and b !
u cs decay amplitudes, is one of the most important of these
[3,4]. In this paper we use a theoretically clean measure-
ment technique suggested by Gronau, London, and Wyler.
It exploits the interference between B ! D0K and
B ! D0K decay amplitudes, where the D0 and D0
mesons decay to the same CP eigenstate [3]. We express
the results in terms of the commonly used ratios RCP of
charge-averaged partial rates and of the partial-rate charge
asymmetries ACP,
RCP ¼ ðB
 ! D0CPKÞ þ ðBþ ! D0CPKþÞ
½ðB ! D0KÞ þ ðBþ ! D0KþÞ=2 ; (1)
ACP ¼ ðB
 ! D0CPKÞ  ðBþ ! D0CPKþÞ
ðB ! D0CPKÞ þ ðBþ ! D0CPKþÞ
: (2)




are the CP eigenstates of
the neutral D meson system, following the notation in
Ref. [5]. Neglecting D0  D0 mixing [6], the observables
RCP and ACP are related to the angle , the magnitude
ratio r of the amplitudes for the processes B ! D0K
and B ! D0K, and the relative strong phase  of these
amplitudes through the relations RCP ¼ 1þ r2 
2r cos cos and ACP ¼ 2r sin sin=RCP [3].
Theoretical predictions for r are on the order of 0.1 [3],
in agreement with recent results by BABAR (r ¼ 0:091
0:059 [7]) and Belle (r ¼ 0:159 0:074 [8]), obtained
through the study of B ! D0K, D0 ! Kþ0 and
D0 ! K0Sþ decays.
This analysis, based on 348 fb1 of data collected at the
ð4SÞ resonance, updates a previous BABAR study based
on 211 fb1 of data [9]. Belle recently presented a similar
measurement of RCP and ACP based on 251 fb1 of data
[10].
The ratios RCP are computed under the assumption
RCP ¼ R=R, which holds neglecting a factor of r &
0:012 as discussed later. The quantities Rþ, R, and R are
defined as:
RðÞ ¼
BðB ! D0ðCPÞKÞ þBðBþ ! D0ðCPÞKþÞ
BðB ! D0ðCPÞÞ þBðBþ ! D0ðCPÞþÞ
:
(3)
Several systematic uncertainties affect the D0K and
D0 final states in the same way and therefore cancel in
the double ratios RCPþ and RCP, for instance the uncer-
tainties on charged-particle reconstruction efficiencies, and
the uncertainties on the secondary branching ratios of the
D0 decays. We express the CP-sensitive observables in
terms of three independent quantities xþ, x, and r
x ¼ RCPþð1 ACPþÞ  RCPð1 ACPÞ4 ; (4)
r2 ¼ x2 þ y2 ¼
RCPþ þ RCP  2
2
; (5)
where x ¼ r cosð Þ and y ¼ r sinð Þ are the
so-called Cartesian coordinates related to the CP parame-
ters that are measured using a Dalitz analysis of B !
D0K, D0 ! K0Sþ decays [8,11]. This choice allows
the results of the two measurements to be expressed in a
consistent manner.
The measurements use a sample of 382 million ð4SÞ
decays into B B pairs collected with the BABAR detector
[12] at the PEP-II asymmetric-energy B factory. Charged-
particle tracking is provided by a five-layer double-sided
silicon vertex tracker and a 40-layer drift chamber. A ring-
imaging Cherenkov detector provides additional particle
identification (PID). Photons are identified by the electro-
magnetic calorimeter, which is comprised of 6580
thallium-doped CsI crystals. These systems are mounted
inside a 1.5 T solenoidal superconducting magnet. We use
the GEANT [13] software to simulate interactions of par-
ticles traversing the detector, taking into account the vary-
ing accelerator and detector conditions.
We reconstruct B ! D0h decays, where the prompt
track h is either a kaon or a pion. The D0 candidates are
reconstructed in the CP-even eigenstates þ and






CP), and in the (non-CP) flavor eigenstate
Kþ. The ! candidates are reconstructed in the
þ0 channel, and K0S candidates in the 
þ chan-
nel. Compared to the previous analysis [9], the current
study does not include the decay mode D0 ! K0S, since
it is going to be explored by a BABAR Dalitz analysis of
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B ! D0K,D0 ! K0SKþK decays. Excluding theK0S
channel from the present analysis will allow the results of
both studies to be more easily combined in the future.
We optimize our event selection to minimize the statis-
tical error on the B ! D0K signal yield, determined for
each D0 decay channel using simulated signal and back-
ground events. We reject a candidate track if its Cherenkov
angle does not agree within 4 standard deviations () with
either the pion or kaon hypothesis [14], or if it is identified
as an electron by the drift chamber and the electromagnetic
calorimeter. Neutral pions are reconstructed by combining
pairs of photon candidates with energy deposits larger than
30MeV that are not matched to charged tracks. The photon
pair invariant mass is required to be in the range
115–150 MeV=c2 and the total 0 energy must be greater
than 200 MeV in the laboratory frame. To improve mo-
mentum resolution, the invariant mass of the two photons
from candidate 0’s is constrained to the nominal 0 mass
[14]. Neutral kaons are reconstructed from pairs of oppo-
sitely charged tracks with invariant mass within
7:8 MeV=c2 ( 3) of the nominal K0S mass. The ratio
between the candidate K0S flight length and its uncertainty
must be greater than 2. The ! mesons are reconstructed
from þ0 combinations with invariant mass in the
range 0:763<Mðþ0Þ< 0:799 GeV=c2. We define
N as the angle between the normal to the ! decay plane
and the D0 momentum in the ! rest frame, and  as the
angle between the flight direction of one of the three pions
in the ! rest frame and the flight direction of one of the
other two pions in the two-pion rest frame. The quantities
cosN and cos follow cos
2N and sin
2 distributions
for the signal and are almost flat for wrongly reconstructed
or false ! candidates. We require the product
cos2Nsin
2 > 0:08. The invariant mass of a D
0 candi-
date MðD0Þ must be within 2:5 of the mean fitted mass,
with  ranging from 4 to 20 MeV=c2 depending on theD0
decay mode. To improve theD0 momentum resolution, the
candidate invariant mass is then constrained to the nominal
D0 mass [14] for all D0 decay channels. For D0 ! þ,
the invariant mass of the ðhþÞ system, where þ is the
pion from theD0 and h is the prompt track from B taken
with the kaon mass hypothesis [14], must be greater than
1:9 GeV=c2 to reject background from B ! D0,
D0 ! Kþ and B ! K0, K0 ! Kþ decays.
We reconstruct B meson candidates by combining a D0
candidate with a track h. For the D0 ! Kþ mode, the
charge of the track h must match that of the kaon from the
D0 meson decay, selecting b ! c mediated B decays.
We select B meson candidates using the energy differ-
ence E ¼ EB  Eee=2 and the beam-energy-substituted
(ES) mass mES ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE2ee=2þ pee  pBÞ2=E2ee  p2B
q
, where
the subscripts ee and B refer to the initial eþe system and
the B candidate, respectively, and the asterisk denotes the
eþe center-of-mass (CM) frame. The mES distributions
for B ! D0h signals are Gaussian functions centered at
the B mass with a resolution of 2:6 MeV=c2, and do not
depend on the D0 decay mode or on the nature of the
prompt track. In contrast, the E distributions depend on
the mass assigned to the prompt track. We evaluate E
with the kaon mass hypothesis so that the peaks of the
distributions are centered near zero for B ! D0K
events and shifted by approximately 50 MeV for B !
D0 events. The E resolution depends on the momen-
tum resolutions of the D0 meson and the prompt track h,
and is typically 16 MeV for all D0 decay modes under
study. All B candidates are selected with mES within 2:5
of the mean value and with E in the range 0:15<
E< 0:20 GeV.
To reduce background from eþe ! q q events (with
q ¼ u, d, s, c), denoted q q in the following, we construct a
linear Fisher discriminant [15] based on the four event-
shape quantities LROE2 , j cosTj, j cosBj, and RROE2 . The
ratio LROE2 between L2 ¼
P
ipicos
2i and L0 ¼ Pipi is
evaluated in the CM frame, where the pi are the momenta
of charged tracks and neutral clusters not used to recon-
struct the B (i.e., the rest of the event, ROE), and the i are
their angles with respect to the thrust axis of the B candi-
date’s decay products. The angle T is measured between
the thrust axis of the B candidate’s decay products and the
beam axis, and is evaluated in the CM frame. The angle B
is measured between the B candidate momentum and the
beam axis, again evaluated in the CM frame. The ratio
RROE2 of the Fox-Wolfram moments H2 and H0, is com-
puted using tracks and photons in the ROE [16]. The
efficiency of the requirement on the value of the Fisher
discriminant ranges from 74% to 78% for B ! D0K
signal events and from 17% to 23% for q q background
events. For the K channel, the values are 87% for signal
and 42% for background events.
For events with multiple B ! D0h candidates
(0.4%–7.7% of the selected events, depending on the D0
decay mode), we choose the B candidate with the smallest
2 ¼ PcðMc  hMciÞ2=ð2Mc þ 2cÞ formed from the mea-
sured and true masses of the composite candidates c, Mc,
and hMci, scaled by the resolution Mc and width c of the
reconstructed mass distributions. Composite candidates
considered are the B candidate itself (mES), D
0, 0, and
! candidates. Also ! is the only non-negligible width.
The total reconstruction efficiencies, based on simulated
B ! D0K events, are 36% (Kþ), 29% (KKþ), 29%
(þ), 15% (K0S
0), and 6% (K0S!).
The main contributions to the background from B B
events come from the processes B ! Dh, B !
D0, misreconstructed B ! D0h, and from charmless
B decays to the same final state as the signal: for instance,
the process B ! KKþK is a background for B !
D0K, D0 ! KKþ. These charmless backgrounds have
similar E and mES distributions as the D
0K signal and
are referred to in the following as peaking B B backgrounds
(B ! X1X2K).
IMPROVED MEASUREMENT OF CP OBSERVABLES . . . PHYSICAL REVIEW D 77, 111102(R) (2008)
RAPID COMMUNICATIONS
111102-5
We determine the signal and background yields for each
D0 decay mode independently from a two-dimensional
extended unbinned maximum-likelihood fit to the selected
data events. The fit is performed simultaneously on the Bþ
and B subsamples. The input variables to the fit are E
and the Cherenkov angle C of the prompt track. The
extended likelihood L for N candidates is given by the
product of the probabilities for each individual candidate i






P iðE; CÞ: (6)
The probability P i is the sum of the signal and background
terms,









where J denotes the seven signal and background hypoth-
eses D0h, q qðhÞ, B BðhÞ, and X1X2K. N0 is the total event
yield estimated by the fit, and NJ is the event yield in each
category. We fit directly for the ratios R0  RðÞ and
asymmetries ACP, as appropriate to the decay mode;
they enter Eq. (7) through
ND0 ¼ 12ð1 AD
0
CP ÞND0 ; (8)
ND0K ¼ 12ð1 ACPÞND0R0 ; (9)
where ND0 ¼ ND0þ þ ND0 and AD0CP is defined anal-
ogously to Eq. (2).
The E distribution for B ! D0K signal is parame-
trized with a double Gaussian function. The fraction of the
wide component of the signal shape, its offset from the
narrow component and the ratio between the widths of the
two components are fixed to values obtained from simula-
tion. The E probability density function (PDF) for B !
D0 is the same as the B ! D0K one, but with an
additional shift, Eshift, which arises from the wrong mass
assignment to the prompt track. The shift is computed
event by event as a function of the prompt track momentum
p and a Lorentz factor PEPII ¼ Eee=Eee characterizing










The E distributions for the continuum background are
parametrized with a straight line. The E distribution for
the B B background is empirically parametrized with a
Gaussian peak with an exponential tail [17]. The parame-
ters of the background shapes are determined from simu-
lated events (B B) and off-resonance data (q q) and are fixed
in the fit. The number of peaking background events
NX1X2K is fixed to values obtained from a study of the D
0
mass sidebands. The particle identification PDF is a double
Gaussian as a function of 
pull
C , which is the difference
between the measured Cherenkov angle C and its ex-
pected value for a given mass hypothesis, divided by the
estimated error. The PID shape parameters are obtained
from simulation. To summarize, the floating parameters in
each of the five fits are the D0K and D0 signal yield
asymmetries, the total number of signal events in D0, the
appropriate ratios R and R, eight background yields (one
for each charge), and two parameters of the E signal
shape (common for positive and negative samples).
The results of the fits, expressed in terms of signal
yields, are summarized in Table I. Figure 1 shows the
distributions of E for the Kþ, CPþ , and CP
modes after enhancing the B ! D0K purity by requir-
ing that the prompt track be consistent with the kaon
hypothesis. This requirement is 88% (1%) efficient for
h ¼ K (h ¼ ).
The ratios RðÞ, as measured by each fit, are corrected to
take into account small differences in the selection effi-
ciency between B ! DK and B ! D. The efficiency
ratios range from 1:013 0:006 to 1:037 0:010. Their
uncertainties are due to the statistics of the simulated
samples and are considered in the study of systematic
uncertainties. In the case of D0 ! K0S!, ! ! þ0,








CP need to be corrected to take
into account a possible dilution from a nonresonant
CP-even background arising from B ! D0h, D0 !
K0Sðþ0Þnon! decays. There is little information on
this background. We estimate the corrections using a fit to
the! helicity angle in the selected data events and find the





CP. The uncertainties in the correction factors
are included in the systematic errors. After applying all
corrections, the quantities R=R and ACP are computed
TABLE I. Uncorrected yields as obtained from the maximum-likelihood fit. The quoted
uncertainties are statistical.
D0 CP NðDþÞ NðDÞ NðDKþÞ NðDKÞ
Kþ 12 745 120 12 338 120 954 36 918 36
KKþ þ 1109 36 1051 35 51 10 113 13
þ þ 390 24 378 24 39 9 36 9
K0S
0  1102 37 1134 38 100 13 88 12
K0S!  422 24 403 26 29 8 18 8
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by means of a weighted average over the CPþ and CP
modes. The results for the CP-even and CP-odd combina-
tions are reported in Table II.
Systematic uncertainties in RCP and ACP are listed in
Table III. The uncertainties on the fitted signal yields are
due to the imperfect knowledge of the E and PID PDFs
and of the peaking background yields, and are evaluated in
test fits by varying the parameters of the PDFs and the
peaking background yields by 1 and taking the differ-
ence in the fit results. A possible 20% CP asymmetry in
the peaking background is considered in the same way. In
the K0S! channel we also take into account the uncertain-
ties in the correction factors due to the CP-even back-
grounds from D0 ! K0Sðþ0Þnon! decays. A
possible bias in the measured ACP comes from an intrin-
sic detector charge asymmetry due to asymmetries in
acceptance or tracking and particle identification efficien-
cies. An upper limit on this bias is obtained from the
measured asymmetries in the processes B ! D0h,
D0 ! Kþ, and B ! D0CP, where CP violation
is expected to be negligible. From the average asymmetry,
ð1:6 0:6Þ%, we obtain the limit 2:2% for the bias.
For the branching fraction ratios RCP, an additional
source of uncertainty is associated with the assumption
that RCP ¼ R=R. This assumption holds only if the
magnitude of the ratio r between the amplitudes of the
B ! D0 and B ! D0 processes is neglected
[18]. r is expected to be small: r  r 	21	2 & 0:012,
where 	 	 0:22 [14] is the sine of the Cabibbo angle.
This introduces a relative uncertainty 2r cos cos
on RCP, where  is the relative strong phase between
TABLE II. Measured ratios RCP and ACP for CP-even
(CPþ) and CP-odd (CP) D decay modes. The first error is
statistical; the second is systematic.
D0 mode RCP ACP
CPþ 1:06 0:10 0:05 0:27 0:09 0:04
CP 1:03 0:10 0:05 0:09 0:09 0:02
TABLE III. Systematic uncertainties on the observables RCP
and ACP in absolute terms.
Source RCPþ RCP ACPþ ACP
Fixed fit parameters 0.036 0.019 0.010 0.002
Peaking background 0.029 0.037 0.031 0.003
Detector charge asym.       0.022 0.022
Opp. CP bkg. in K0S!    0.002    0.007
RCP vs R=R 0.026 0.025      
K= efficiency 0.002 0.007      













































































FIG. 1 (color online). Distributions of E for events enhanced in B ! D0CPþK signal: (a) B ! D0CPK; (b) Bþ !
D0CPþK
þ; (c) B ! D0CPK; (d) Bþ ! D0CPKþ; B ! D0K, D0 ! K with (e) and without (f) signal enhancement. Blue
(continuous) curve: projection of the full PDF of the maximum-likelihood fit. Red (long-dashed) line: B ! D0K signal on all
backgrounds. Brown (short-dashed) line: peaking component on q q and B B background. Green (dash-dotted) line: q q and B B
background.
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the amplitudes AðB ! D0Þ and AðB ! D0Þ.
Since j cos cosj 
 1 and r & 0:012, we assign a rela-
tive uncertainty 2:4% to RCP, which is completely
anticorrelated between RCPþ and RCP. We quote the
measurements in terms of x and r2,
xþ ¼ 0:09 0:05ðstatÞ  0:02ðsystÞ; (11)
x ¼ þ0:10 0:05ðstatÞ  0:03ðsystÞ; (12)
r2 ¼ þ0:05 0:07ðstatÞ  0:03ðsystÞ: (13)
The correlations between the different sources of system-
atic errors, when non-negligible, are considered when cal-
culating x and r2. The measured values of x are
consistent with those found from B ! D0K, D0 !
K0S
þ decays, and the precision is comparable [11].
In conclusion, we have reconstructed B ! D0K de-
cays with D0 mesons decaying to non-CP, CP-even, and
CP-odd eigenstates. The combined uncertainties we find
for ACP (RCP) are smaller by a factor of 0.7 (0.9) and 0.6
(0.6) than the previous BABAR [9] and Belle [10] measure-
ments, respectively. We find ACPþ to deviate by 2.8 stan-
dard deviations from zero. We express the results in terms
of the Cartesian coordinates x and r2 [Eqs. (4) and (5)].
These measurements, combined with the existing measure-
ments from B ! D0K decays, will improve our knowl-
edge of the angle  and the parameter r.
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